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The rate of oxygen transfer from air bubbles to 
liquid media is one of the Important parameters in the 
treatment of Industrial organic wastes with respiring or­
ganisms. The initial phase of an overall investigation 
of oxygen transfer In waste fermentation is the determina­
tion of the rate and extent of oxygen transfer In media 
containing virtually no respiring organisms.
The rate of oxygen absorption from air bubbles to 
a continuous liquid medium Is governed by the size and con­
dition of the bubbles, the transfer driving force, the 
column height, gas and liquid flow rates. At steady state, 
oxygen transfer from air bubbles to a liquid medium may be 
•written In the following form (1):
N « KA(fg - fx) « - til » M ( f i  - f^.-.d)
Since oxygen is a slightly soluble gas, it follows 
Raoult1s law and Henry’s law closely, the liquid phase re­
sistance is the controlling factor and the over-all trans­
fer coefficient will be based on the liquid phase. Thus, 
using driving forces in concentration units:
» - 1 - ca> - V (Ceq. ' °e> ..........  <*>
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study of the bacterlologlcally inactive media: first, the 
characteristics of air bubbles formed from a diffuser; 
second, the solubility of oxygen of air in liquid media; 
third, the rate of oxygen transfer in liquid media in a 
continuous-flow model aerator tank.
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AIR BUBBLE CHARACTERISTICS IN AQUEOUS MEDIA 
Background:
When air bubbles released from the diffuser rise 
in the liquid, the shape of a bubble depends upon its size 
and on the nature of internal circulation (8). Haberman 
and Morton (̂ ) found by photographic examination of the 
air bubbles generated by several methods that when the bub­
ble size was increased, a change from spherical to ellip­
soidal and finally to a spherical cap shape occurred in all 
liquids. Very small bubbles were spherical whereas the 
larger bubbles were ollipsoidal and the very large bubbles 
assumed a spherical cap shape. They found that in cold 
water at the Reynolds number of about 300, the motion was 
rectilinear; with increase in Reynolds number the spiral­
ing began until a maximum was reached. At Reynolds number 
of about 3000, the spiraling disappeared and only recti­
linear motion with rocking was obtained. Shulman and 
Molstad (9) investigated gas bubbles photographically in 
the absorption and desorption of carbon dioxide and hydro­
gen in water flowing countercurrently using a stainless 
steel porous plate in a 4-ln. column. For continuous 
liquid flow at 10,000 lbs./(hr)/(sq.ft.) , they found that 
at a superficial gas velocity of 0.03 ft./sec., the bubbles
were uniformly distributed throughout the column. Many 
flattened and tilted bubbles were present and the indi­
vidual bubbles tended to follow a spiral path as they rose. 
At 0.25 ft./sec. the bubbles were swirling throughout the 
whole column. At 0.3^ ft./see., the swirling became more 
violent and was accompanied by an increased forward pushing 
action. At 0.55 ft./sec., large slugs of gas formed by 
coalescence.
In the formation of bubbles from a single orifice, 
at low gas flow rate, the bubbles formed one by one and 
their size was independent of gas flow rate for a given 
apparatus. But as the gas flow rate increased, the forma­
tion of bubbles at the orifice changed to one of constant 
frequency bubble formation (bubble chains). The bubble 
size was uniform and depended upon the gas flovr rate, ori­
fice diameter and upstream gas chamber volume. The tur­
bulent wakes formed behind large rising bubbles consisted 
of eddies in which energy was dissipated as work was done 
against viscosity. At high gas flow rates, the onset of 
turbulence of gas flowing through the orifice caused the 
formation of non-uniform bubbles (8).
Photographs of Bubbles:
Shape, size, and the motion of air bubbles rising in 
distilled water were investigated by photographic means and 
work was focused on the measurement of air bubble surface 
area. A series of photographs of the rising air bubbles in 
water saturated at 25°G were taken. Air flow rates were from 
3 5 to 535 l./hr. A 31 x 31 x 92 cm2 plexiglass tank was 
built for this purpose.
A Honeywell Dual Transistor Puturanic Strobonar with 
flash light speed of 1/1000 second effectively stopped the 
motion of air bubbles. Two photographs were taken at each 
air flow rate. One was taken from the front of the tin 
sheet erected in the middle of the tank and another from 
the back. Apparatus for the experiment is shown in Figure 1. 
Details of equipment and procedures are Included in 
Appendix A.
- 5 -
FIGURE 1. APPARATUS FOR PHOTOGRAPHIC ESTIMATION OF AIR BUBBLES AREA
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Photographic Determination of Bubble Area:
Photographs of air bubbles were enlarged to 2.4 and 
5.2 times actual size. Air bubbles were counted and the 
major and minor axes were measured in a band of 3 cm height 
across the entire tank width of 31 cm. Bubble counts and 
dimensions are included in Tables 1 to 10 In Appendix C, 
and sample calculations included In Appendix B.
Experimental Results:
Photographs of air bubbles at air flow rates of 
35«^, 97, 240, 378, and 535 l./hr. measured at standard 
condition are shown in Figures 2 to 6. It was found that 
the bubble size Increased with increasing air flow rate.
At the lowest air flow rate, air bubbles were spherical and 
had a minimum diameter. As air flow rate increased from 
97 l./hr. to 535 l./hr., air bubbles were flattened and 
most of them were ellipsoidal in shape. A few approached 
the spherical cap shape. The number of air bubbles de­
creased and the bubble size increased, probably due to 
coalescence of bubbles during formation. Bubble chains 
appeared ©t higher air flow rates. The paths of air 
bubbles at flow rates between 378 l./hr. were rectilinear; 
at 535 l./hr. the path of air bubbles was unstable with 
rectilinear and helical paths alternating periodically.
7
This condition appears to be a transition region between 
helical and rectilinear paths. Total interfacial area and 
average surface area per bubble Increased with Increasing 
air flow rate, as shown in Table 1 and Figure 7. The 
equivalent diameter of air bubbles are directly propor­




















l./hr. cm2 „ _ 2cm cm
3 5.4 5420 253 0.047 0.122
97.0 3550 416 0.120 0.196
240.0 2990 790 0. 2 63 0.288
378.0 2790 784 / 0.281 0.299

















FIGURE 7. BUBBLE AREA AS A FUNCTION OP AIR PLOW RATS 
(DISTILLED WATER AT 25°C)
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SOLUBILITY OF AIH OXYOSK
Theory:
Oxygen is a slightly soluble gas and follows 
Henry's Law:
Nx = p/Hc ................................(3)
In which: Is mole fraction of oxygen in liquid.
p Is the equilibrium partial pressure of oxygen in air (atm)
Then, H 3 0.017 x 10”  ̂atm./mole fraction for oxygen 
c at 25°C (5)
Solubility of unreactive gases is due to a weak inter- 
molecular attractive force of "Van der Waal's force" be­
tween solute and solvent. The solubility of oxygen of 
air decreases in solution of salts. This "salting out" 
effect is caused by the hydration of the ions of the solute, 
thus leaving less solvent available for dissolving the 
gas (3)» Solubility is also reduced In solutions of union­
ized organic substances probably for a similar reason.
Experiments and Results:
Air was passed through glass wool to remove par­
ticulate matter and then bubbled through three consecutive 
flasks containing 40 per cent potassium hydroxide solution 
to remove carbon dioxide. It was then bubbled through
pure water and into the test medium through a diffuser 
located 22.9 cm. below the surface in a 2 liter graduated 
cylinder. The effect of hydrostatic head was thus outside 
the limits of experimental error. Details of procedure and 
apparatus are included in Appendix A. Tests mere, performed 
on the following liquids: distilled water; distilled water 
adjusted with sodium hydroxide solution bo a pH of 9, 10, 
11, 12; 5000 ing./l. sodium chloride solution; and several 
other solutions containing mineral matter and cooked potato 
solids. The latter solutions were made up to a mineral 
matter content of 5033 mg./l. to simulate commercial potato 
plant well water and brought to potato solids contents of 
M*2, 1924, and 33 1̂ mg./l. respectively, desuits are in­
cluded in Table 2. The experimental value of the solubil­
ity of oxygen in water is very close to the literature 
value (11). Solubility in aqueous sodium hydroxide solu­
tion is independent of pH within the limits of experimental 
error. Solubility of oxygen in liquid media with mineral 




SOLUBILITY 09 OXYOU OP AIH AT 25°C AND 1 ATM. IN 
EQUILIBRIUM WITH VARIOUS MEDIA
pH pH NaOH Mineral
Content PotatoSubstance Solubility of Oxygen
Inlt. Pinal mg/l mg/l mg/l mg/l
7.0 7.0 0.000 0 0 8.37( } 8.427.0 7.0 0.000 0 0
9.0 9.1 2.352 0 0 8.239.0 9.3 2.352 0 0 8.25
9.0 — 2.350 0 0 8.14
10.0 9.7 8.820 0 0 8.2511.0 11.0 101.9 0 0 8.25
12.0 12.2 760.5 0 0 8.3211.0 101.9 0 (3) 0 8.16---- ----- —  — 5000 0 7.98
3.75 6474 (4)(5)(6)
0 8.18
9.50 — — -- 6474 196 7.49
11.0 -- 277.0 5033 442 7.2 611.0 — — 347.0 5033 1925 7.1311.0 400.0 5033 3341 6.35
Notes:
(1) Standard deviation of titration = 0.14 mg/l
(2) Literature value is 8.40 mg/l
(3) NaCl solution
(4) Pillsbury potato plant well water
(5) Potato substance from peeling waste
(6) This solution simulates the mineral content of
a commercial potato processing plant and 
includes: CaStty 96?.3 mg/l
MgSOk 5SC.4 mg/lNaCl 3482.0 mg/l
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HATE OP OXYGEN TRANSFER
Theory:
The aerator used In this study simulates a con­
tinuous stirred tank reactor at steady state*. The steady 
state oxygen balance may be written (10):
F(Ce - Cf) - rVb ............................(L)
r = KLA(Ceq. - Ce)............................(5)
Combining equations (3) and (4) gives:
P(Ce - Cf) * VbKLA(Ceq. - Ce) ................ (6)
Oxygen transfer from air bubbles to a liquid takes place 
as a sequence of diffusionai transfer steps; first oxygen 
must diffuse from the bulk gas to the boundary between the 
gas and the liquid; next, it must diffuse across the 
boundary; and finally, it must diffuse from the liquid 
boundary layer into the bulk liquid.
The driving force for each step Is the oxygen con­
centration difference across the respective region. For 
slightly soluble gases such as oxygen, the greatest resis­
tance to diffusion occurs in the liquid phase boundary 
layer, and it is customary to assume that the concentration 
at the liquid surface is in equilibrium with the concentra­
tion in the bulk gas phase (1). As mentioned previously, 
gas flow rate affects the shape and size of air -bubbles and
17
consequently the transfer surface area. Ippen and Carver
(6) found that at various column heights, the percentage 
of oxygen absorbed nor foot of column height decreased as 
the air and oxygen flow rat© increased. On a study of oxy­
gen transfer in submerged fermentation, Gaden et al. (2) 
found the following correlated relationships between the 
superficial air velocity and absorption coefficient for tine
single-bubble sparger:
%  = kvs0-8 3 ................................ (7)
for the fine-bubble sparger:
Kd * kvs°*3 3 ................................ (8)
Prom equation (7) and (8), it is shown that %  Increases 
with superficial velocity. The fine-bubble sparger gave 
much higher oxygen absorption coefficients at low air 
velocities, but the two became almost equal at high air 
velocities ( 2) .
King (7) studied oxygen absorption in water with 
porous diffuser plates as the device for bubbling air in 
spiral flow aeration tanks. The following relations for 
the rate of absorption were given:
For 5 per cent plate area with respect to surface area of 
the tank:
0.0243 C H°*71 U7 RX (l.Q24)~
0.64a
=3 . . (9)
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For 10 per cent plate area with respect to surface area 
of the tank:
0.0176 G H0,75 Uy Hyt(1.02»)T
A0„ ** 0.70 .......... (10'
2 d
Where: N* » O.SJO/H0,0 ;̂ x = 0.85/H0*05; y = 1/H0*1 ,•
C » Oxygen absorption coefficient.
In which R is air flow rate in c.f.ra. per 1000 cu. ft. of 
water, U is the oxygen deficiency for water in ppm at at­
mospheric pressure. These formulas correlated experimental 
data covering a range of bubble diameter of C.l to 0.2 in., 
depths to diffusers of from 1 to 25 ft., water temperatures 
of 8 to 25 C, and dissolved oxygen of up to 50 per cent 
saturation at atmospheric pressure. If the other variables 
are kept constant, rate of oxygen absorption will vary 
directly with the air flow rote to a power less than 1.0, 









































A schematic diagram of the apparatus for the de­
termination of oxygen transfer rate Is shown in Figure 8. 
Laboratory compressed air was passed through the cleaning 
and absorption train described for the solubility measure­
ments. Feed material was pumped from the feed container 
to the aerator and overflow from the aerator was circulated 
back to the top of the feed container to complete the cycle. 
Pure nitrogen was bubbled through the feed container con­
tinuously to strip oxygon from the material. The gas flow 
rate was measured with a rotameter and in later runs with 
the wet test gas meter. A Jarrel-Ash Oxygen Analyzer was 
used to Indicate the attainment of steady state.
The temperature of the medium in the aerator was 
controlled as closely to 25°C as possible. Details of 
equipment and procedures are included in Appendix A. Two 
series of tests were run in this phase of the research.
For the first series, liquid media used for the tests were 
distilled water and sodium hydroxide solution of pH of 9 
and 11. Air flow rate was 240 l./hr., and liquid feed 
rates were 3(:, 24, 18, and 6 l./hr. respectively. The 
second series was run in liquid media with mineral content 
of 5033 mg./1. Experimental conditions and results are in­
cluded in Table 3A to Table 33* In the second series of
21
tests, potato solid contents of 422, 1925, and 3341 mg./l. 
were fed at rates of 6l.O, 60.5, and 50.9 l./hr. respec­
tively. Air flow rate was maintained at 97 l./hr. in all 
runs. The effect of liquid flow rate was studied at the 
highest potato solids content by making runs at 50.9, 27.7, 
and 22.1 l./hr. Data of this series are included in 
Tables 3C end 3D. Sample calculations are included in A -- 
pendix B, and details of experimental data are included 
in Appendix C.
TABLE 3-A
SUMMARY 0? OPERATION CONDITIONS AND DATA COLLECTED (SERIES 1) 
(Distilled Water and RaOB Solution)
Run
No.















14 65 240 7 8.40 6.46 0.68
1 36 240 7 8.40 7.13 0.75
2 24 240 7 8.40 7.73 0.75
3 18 240 7 8.40 8.03 0.71
4 6 240 7 8.40 7.93 0.22
15 60 90 7 8.40 5.90 O.63
13 36 74 7 8.40 6.98 0.62
5 36 240 9 8.16 7.57 0.74
6 24 240 9 8.16 7.84 0.21
7 18 240 9 8.16 8.00 0.56
8 6 240 9 8.16 8.03 0.31
9 36 240 11 8.16 7.90 0.63
10 24 240 11 8.14 8.03 0.62
11 18 240 11 8.14 7.7 4 0.25
12 6 240 11 8.14 8.06 0.35
SUMMARY OP RESULTS— S2HIES 1 





























14 5.78 3.25 5.53 i 0.19 1.94 9.02 -  9.92
1 6.37 1.80 3.59 0.11 1.25 9.13 1.49
2 7.20 1.20 2.72 0.08 0.67 13.24 3.90
3 7.32 0.90 2.06 0.06 0.34 17.43 11.42
4 7.69 0.30 0.72 0.02 0.47 4.32 2.15
15 5.25 3.01 4.93 0.19 2.52 6.27 0.56
13 6.36 1.80 3.58 0.11 1.50 8.13 1.11
5 . 6.83 1.80 3.34 0.11 0.57 21. 63 7. 64
6 7.63 1.20 2.36 0.08 0.29 31.57 21.43
7 7.43 0.90 2.09 0.06 0.15 46.07 62.06
8 7.71 0.30 0.72 0.02 0.14 16.15 23.95
9 7.2 7 1.80 4.09 .0.11 0.26 5.11 3.98
10 7.20 1.20 2.6c 0.08 0.13 31.36 48.64
11 7.60 0.90 2.14 0.06 0.36 19.50 10.96
12 7.71 0.30 0.72 0.02 0.10 24.30 49.11
SUMMARY CP OPERATION CONDITIONS AND DATA COLLECTED (SERIES 2} 





















Oxy&en Concentration Exit Peed
Ge
ng./l. mg./l.
16 3 6 240 9.5 — 6474 186 7.49 6.46 1.49
17 24 240 9.5 — 6474 186 7.49 6.10 0.12
18 6 240 9.5 — 6474 186 7.49 7.20 0.44
19 62 99 11 11.2 6474 1925 7.13 5.29 2.51
20 61 98 11 11.1 5033 1925 7.13 5.53 2.27
21 6l 103 11.1 11 5033 442 7.26 5.18 1.98
22 51 96 11 11 5033 3341 6.35 5.27 1.80
23 28 96 11 10.9 5033 3341 6.35 5.23 1.60
24 22 96 11 11 5033 3341 6.35 5.59 1.97
SUMMARY OP RESULTS (SERIES 2)



























, St. Dev. 
of Abs. 
Coeff.
16 4.97 1.8 2.80 0.11 1.03 8.72 1.73
17 5.98 1.2 2.24 0.08 1.39 5.41 0.80
18 6.76 0.3 0.63 0.02 0.29 72.40 50.46
19 2.77 3.09 2.68 0.20 1.97 4.32 0.55
20 3-35 3.03 3.17 0.20 1.61 6.31 0.88
21 3.20 3.05 3.05 0.20 2.08 4.68 0.55
22 3.^7 2.55 2.76 0.16 1.08 8.21 1.61
23 3.64 1.39 1.57 0.09 1.12 4.54 0.86
24 3.63 1.10 1.25 0.07 0.76 5.27 1.44
Data of Table 3-4 to 3-D ore at the following conditions: 
Temperature = 25° ± 0.1°C
Pressure = Barometric pressure at the time of tests 
Data collected were corrected to ?60 ma.Hg 
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FIGURE 10. OXYGEN TRANSFER RATE COEFFICIENT 
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In the first series of tests it was found that the 
exit concentrations were so close to the equilibrium con­
centrations that a very high percentage uncertainty re­
sulted In the calculated values of the driving force, which 
is the difference between these two quantities. At feed 
rates of 2k l./hr. and below the standard deviations of 
the transfer coefficients ranged from 20 per cent to over 
100 per cent, while for feed rates of 36 l./hr. or higher, 
the standard deviations of the results were less than 20 per 
cent. Thus for obtaining a meaningful set of values for the 
transfer coefficient, the feed rate should be higher than 
36 l./hr. for this apparatus, corresponding to residence 
time of 33»3 minutes or less. In the second series of rate 
tests, the feed rate was increased to 60 to 65 l./hr., cor­
responding to a 20-minute residence time In the aerator.
The air flow rat© was reduced from 2k0 to 97 l./hr., giving 
appreciable driving forces and smaller uncertainties in the 
absorption coefficients. The absorption coefficient in­
creases significantly with potato solids content as shown 
in Figure 10. This Increase might be due to adsorption of 
oxygen by the potato solids.
For distilled water adjusted with sodium hydroxide 
to pH of 7, 9, and 1 1, there were no significant differ­
ences in the rate of absorption at constant feed rate. The 
absorption coefficient showed a maximum at a pH of 9, but
29
the significance of this maximum Is uncertain because of 
the high standard deviation. Figure 11 shows the depend­
ence on feed rate of the absorption coefficient for solu­
tions containing a constant amount of potato solids. The 
absorption coefficient increases with increasing feed rate. 
This may possibly result from the higher liquid viscosity 
resulting in a greater disturbance of the bubble flow for 
a given liquid flow rate.
RECOMMENDATIONS FOR FUTURE WORK
It wan found In this study that In order to avoid 
excessively high standard deviations for the rate of oxygen 
transfer, the liquid feed rate had to be higher than 60 l./hr. 
For a single reactor tank continuous flow process, the high 
turbulence of the liquid is necessary to have a homogeneous 
composition of liquid. This can be done by Increasing the 
air flow rate.
A complete series of tests with distilled water and 
liquid medium with mineral content is necessary before at­
tempting tests with mineral content and potato substance.
A better system for controlling the oxygen concen­
tration in feed is needed.
If the liquid side transfer coefficient based on 
liquid side (K^) i3 desired in different liquid media, the 




1. Bubble area was measured by a photographic 
method. Average surface area per bubble increased with 
air flow rate. Most of the air bubbles were ellipsoidal 
in shape, except at the lowest flovr rate, where they were 
spherical.
2. The paths of air bubbles rising in water were 
rectilinear for air flow rates from 35*7 to 378 l./hr. and 
alternated between rectilinear and helical paths at a flow 
rate of 535 l./hr. for the apparatus used in this study.
3. Solubility of oxygen from air in water and in 
dilute sodium hydroxide solutions up to pH 11 or 76c. 5 mg./l. 
was determined, and no significant differences were found. 
Solubility was lower in solutions containing 5,000 mg./l. 
mineral content and varying amounts of potato substance.
4. There seems to be no significant variation in 
the oxygen transfer coefficients between water and the di­
lute NaOH solutions with varying pH value and liquid feed 
rate.
5. The transfer coefficient increased with potato 
solids content and with liquid feed rate in solutions of 
high potato solids content.
It was found in the first series of transfer
31
rate tests that the driving force expressed by the differ­
ence between equilibrium concentration and exit concentra­
tion was so small that large uncertainties arose in the ab­
sorption coefficients. Higher liquid flow rates used in 
the second series of runs gave exit concentration low 
enough to bring the standard deviation of absorption co­
efficient r: below 20 per oent.
NOMENCLATURE
I
A a interfacial area of oxygen transfer (cm2)
AO2 » rate of oxygen absorption (ppa./hr.)
Ce = Oxygen concentration in liquid medium of exit stream (mg./l.)
C « equilibrium concentration of oxygen of air in q liquid medium (mg./l.)
Ĉ . = oxygen concentration in the feed stream (mg./l.)
d « wei^dited average diameter of air bubbles (in.)
de = equivalent diameter of air bubble with the same sur­
face area of a sphere (cm.)
t
P » feed rate of liquid medium (l./hr.)
fg = fugacity of oxygen in gas phase (atm.)
f^ « fugacity of oxygen in the interface between liquid and gas film (atm.)
fj =* fugacity of oxygen in the liquid phase (atm.)
\
H =s depth from liquid surface to porous plate (ft. )
/
K =* overall oxygen transfer coefficient (gm-moles/hr.cm. 2atn.) 
k m constant
=» coefficient of oxygen transfer in gas phase 
h (gm.-moles/hr.cm.-- atm.)
/ ^kj_ * coefficient of oxygen transfer in liquid phase (gm.-moles/hr.cm. - atm.)
aa overall oxygen transfer coefficient, based on liquidphase (gm.-moles/hr.cm. ' ata.)1
/




r « rate of absorption (gm.-moles/l.-hr.)
T =* temperature In °C 
Va =» air velocity (l./hr.)
a volume of liquid medium In aerator (1.)
35
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APPENDIX A
DETAILS OF APPARATUS AND PROCEDURE 
Air Bubble Photography:
In order to study the characteristics of air bubbles, 
photographs were taken of the air bubbles rising in dis­
tilled water. A Plexiglass tank of 31 era. x 31 era. x 93 era. 
was built for this purpose. In order to make a good back­
ground for the photographs, a black-painted tin sheet 0.1 cm. 
thick was placed vertically at the center of the tank. The 
lower edge of the sheet was ? era. from the bottom of the 
tank. A 6-era. diameter disc porous metal diffuser with 
20-raicron porosity, purchased from Schaar Company, was fas­
tened to the sheet. The diffuser was placed below the lovjer 
edge of the sheet so that the bubble column was divided into 
two parts. A white plastic meter rule was suspended In the 
field of view paralleled with the board and halfway between 
the 'board and the front face to the bubble column. Water 
column height above the diffuser was 37.4 era* and equal to 
that in the aerator. The water was saturated with air for 
30 minutes before the first photograph was taken, and the 
temperature of the water was kept at 25 - 0.2°C. Two photo­
graphs were taken for each test, one from each side of the 
board. A 3-1/4" x 4-1/4" Speed Graphic camera was used,
A2
located 60 cm. from the board. Kodak RS pan film was used 
and a Honeywell Dual Transistor Strobonar flash light mech­
anism with a speed of one-thousandth second peak flash was 
used for illumination and stopping the motion of air bubbles. 
Focus was fixed at f/22 and shutter speed of the camera at 
1/50 second.
The bubble photographs were magnified to 4/5 times 
actual size. Bubbles were counted and major and minor axes 
of bubble were measured in a band 3 cm. high across the en­
tire tank. These counts were multiplied by the factor
to obtain the total number of bubbles in the tank.
Solubility Determination:
Solubilities of saturated solutions of oxygen from 
air in liquid media vrere determined by the Winkler Method.
A Sargent S-84805 constant temperature water bath with a 
thermostatic 0.01°C Mercurial Regulator was used. A 2-llter 
liquid container was placed in the water bath. A Beckman 
9600 Zeroraatic pH meter was used to measure tho pH value of 
the liquid media.
Liquid media used were prepared by the following 
procedure: The distilled vroter contained c arbon dioxide to 
a pH of 5»3 to 6.4, and was therefore stripped with pure 
nitrogen to bring the pH value to 7-0. It was then adjusted 
with 0.098 N sodium hydroxide to a pH value of 9, 10, 11,
1
A3
or 12 for the first series of solubilities determination.
The second series of solubility determination was 
concurrent oxygon transfer rate tests. Properties of those 
liquid media were the same as those used for rate tests.
laboratory compressed air was used as the air 
source for saturation. It was filtered with glass wool to 
remove impurities and then bubbled through a series of 
flasks containing Ag) per cent potassium hydroxide solution 
to remove carbon dioxide (Al). This purified air was satu­
rated with water and then bubbled through the liquid media 
with a 2.8 cm. diameter disc metal porous diffuser.
The time necessary for saturation was determined 
previously using distilled water and 5,000 mg./I. solium 
chloride solution. Condition for 100 per cent saturation 
by bubbling were found to be one hour at 21°C and two 
hours at 25°C. Temperature control limit was t 0.1°C.
Samples were taken directly from the container by 
submerging a 300 ml. B.O.D. bottle in the liquid medium 
container.
Hate of uxym n  Transfer:
ns mentioned previously, two series of tests were 




The whole aeration system was similar to that used 
by Wahl for the study of aerobic digestion of potato waste. 
Details of aerator and temperature control system descrip­
tions are given in Wahl’s thesis (A3)• The settling cone of 
the digestion system was modified for use as a feed con­
tainer which is a plexiglass cylinder 15*75 cm. in diameter 
and 135 cm. high with a conical bottom 7.5 cm. deep. The 
holding capacity is 20 liters. A coupling was mounted at 
the tip of the inverted cone and connected with the feed 
line. A Model T-65 Sigma Motor pump was used as a feed pump. 
Feed rates were controlled by adjusting the Vernier control.
A Jarrel-Ash Model 26-601 dissolved oxygen analyzer 
was used to indicate the attainment of steady state. Its 
output current is a function of the rate of oxygen passage 
through the membrane of the probe. It reads percentage of 
saturation and must be calibrated for 0 per cent and 100 per 
cent readings before use. Fisher Manostat gas flow rota­
meters were used to measure nitrogen and air flow rates. A 
wet test meter was used for measurement of the air flow 
rate after each of the later runs. In this study, the 
static pressure in the air line ahead of the air flow meter 
was measured with a manometer.
The aqueous sodium hydroxide solutions were pre-
A 5
pared by stripping the distilled water with pure nitrogen 
to a pH value of 7.0 and adjusting it with 5 N sodium to a 
pH value of 9 or 11.0. For the preparation of liquid media 
with mineral content and potato solid, 6o liters distilled 
water was stripped with pure nitrogen, minerals added, 
cooked potato solution was introduced, and then the pH was 
adjusted to 11.0 by adding 5 N sodium hydroxide solution.
Eaw potatoes were peeled, blended for 5 minutes in waring 
blender, and boiled for 2 minutes before adding to the solu­
tion.
Procedure for date Tests:
In a rate determination, the temperature was first 
adjusted to 25 i 0.1°C. The liquid medium then stripped of 
oxygen by bubbling with nitrogen until the readings of the 
oxygen analyzer reached zero. Air was then bubbled through 
the diffuser for aeration. After the reading of the dis­
solved oxygen analyzer became constant, indicating that 
steady state had been attained, samples of food and over­
flow were taken at fifteen-minute intervals and analyzed 
for oxygen by the Winkler method (A2) in which the oxygen 
oxidizes iodide into free iodine which is titrated with 
sodium thiosulfate. On samples containing high solids con­
tent, the Aliua Flocculation Modification method (A2) was 
used in which aluminum potassium sulfate and concentrated
a 6
ammonium hydroxide solutions were used for removing the 
Interference of suspended solids.
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Equations for calculations and sample calculations 
are presented below for air bubble surface area, solu­
bility (equilibrium concentration) of oxygen of air in 
liquid media used in this study, rate of oxygen transfer 
(rate of absorption), transfer coefficient, and standard 
deviations.
Air Bubble Surface Area:
were found in the study of air bubble area. At the air 
flow rate of 35-7 l./hr., air bubbles were in spherical 
shape. In the air flow rate range from 97.0 to 535.0 l./hr., 
most of the bubbles were spheroidal in shape, and a few bub­
bles in spherical cap shape were found. Equations for cal­
culations of the surface area of spheroid shape bubbles are 
presented below: (Bl)
The total surface of air bubbles occupied in the band in 
which bubble size was magnified and bubbles were counted:
As mentioned previously, two shapes of air bubbles
» 2 TC b ^  + Aren in J~s\ - . . (b-1)
B2
Total surface area of air bubbles occupied in the 
liquid column is:
At =» AXH/ h .......... ..................... (b-3)
Equivalent diameter:
ae V (  Average surface area)/27l ..........(b4)
Example:
Run No. 3:
Air flow rate at 240 l./hr.
Ai = ( V ,8)2 ®1 + 118 J m  11.3 mm2 = 0.113 cm2
2 n( 4 . 8 ) 2 : C  '-'78 1 + f T .f y g  f  1 3 0 4 0 J . 29<U+ 3400 «  6341 mm2 =3 6 3 .4 1  cm23 7 . 4a x  6 3 .4 1 = 790 cm2
a 3004
Aav. = 3004 “ °'2^  cm2
'■V. = y  .  /-27T = 0 . 280 cn
Solubility of Oxygen of Air in Liquid Media:
Solubility of oxygen of air in liquid media was de­
termined by Winkler method and corrected to ?6o mm.Hg.
B3
Equations are:
Solubility calculated at barometric pressure:
S' = V x 2 ............................
Solubility at 76c mm. Hg.:
?6o - pS = S'x * - P ........
Example:
Distilled water 
S* * 4.11 x 2 a 8.22 mg./I.
S , 8.22 x J ^ 1 3 . 7 S 6 _
742.8 - 2,3.756
Hate of oxygen Transfer:
Equations for the calculation of rate of oxygen 






i > " tCe - Cf) ..........
KiA =3 r(Ceq. * cf)
Example: Hun no. 1, sample no. 1:
Ce = ?. 13 mg. /l.
0 *1= 0.75 mg./l.
P/Vb S3 1.8 l./hr.
Ceq. S3 8.40 mg./l.
r = 1.8 x (7.13 - 0.75) = 11.5
. (b~7) 
. (b-8)
3.59 x ICT4 ga.-mole/l.-hr.
B4
Kl£ ■II.JL(8.40 - 7.13) = 9»o6 l./hr,
Standard Deviations;
The standard deviation of the titration was calcu­
lated from the data of the solubility determinations. 
Method of calculation was followed and taken from The Sta­
tistical Method for Chemists by Youden (33).
Calculations:
Set pH * 7 pH » 9 pH ® 11








Total 33.32 61.20 47.90
Humber of
Analysis n 4 8 6
Sum of Squaresof Data 277,608 468.323 382.409
iTotalli 277.557 468.180 382.402n
Difference 0.151 0.148 0.007
Sum of Squares ■ 0.151 + 0.148 + 0.007 = 0.306
Degree of Freedom = 3 + 7 + 5 =15
Variance = 0.306/15 = 0.0204
Standard Dev / Variance 0.143 mg./l
Standard Deviation of the Difference of Oxygen Concentra­tion (B2):
= J2  * <fc  (b-9)
Example: Run No. 1
Cflc - x (Ĵ  = I'M** x 0.14-3 = 0.202
Standard Deviation of the Rate of Oxygen Transfer (B2):
< f r - \  * tf*ce q . ......................(b-10)
Example: Run No. 1
<fr- - i °-l w  « w *  af t 5 ^ a
Standard Deviation of Oxygen Transfer Coefficient (B2):
CfMmA m % KrA x / (Relative error)*1 + (Bel. Error 
L L °f =eq.>3
..............  (b-11)
Example: Run No. 1 
d,l., of r =* Stand. Dev. of r/ r
=> (0.114 x 10~4) / (3.95 x 10“ )̂ 3 0.0276
-  • ^ eq# = (f c / ^ C e g  0 . 202/ 1.25 3 0.1612
C T \a = i  9.13 x /~ T oTo27'6)'2' + (0.1612)^
= i 9.13 x / T0T 076 V  2.599) x 10“2
3 1 9.13 x f  2^675 x 10*^




(Bl) Hodgman, Charles D. Mathematical Tables. 10th ed. 
Chemical Rubble Publishing Co."p 31? (1954).
(B2) Livingston, Robert. Physico-Chemical Experiments.
3rd ed. New York: Macmillan Co., 21 (1953).
(B3) Youden, William J. Statistical Methods for Chemists.
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NOMENCLATURE
= Surface area of a single bubble (cm2)
A m Total surface area In 3 cm. x 31 cm. band (cm2)
At * Total surface area in 31 cm. x 31 cm. x 37.4 era. liquid column
pA = Average surface area (cm ) av. ° '
dfi = Equivalent diameter of bubble with the same surface area of shape surface area of bubble (era.)
= Major axis of spheroid (mm.)
bA = Minor axis of spheroid (mm.)
n^ = Number of air bubbles with the same shape in 3 cm.
ii£ a Total number of air bubbles In 31 cm. x 31 cm. x 37.4 cm. liquid column
h » Height of the band In which bubbles were counted (cm.)
H =* Height of the liquid column (cm.)
P = Atmospheric pressure (mm.Hg.) 
p = Vapor pressure of water at 25°C (mm.Hg.)
S' a Solubility of oxygen at p (mm.Hg.)




STATISTICS OP AIR BUBBLE SURFACE AREA MEASUREMENT
PART A : Va = 35.7 l./hr.; Magnification factor « 2
nl Di V ai°i2
mm. ram. mm.?-
3 2.86 8.18 24.551 2.24 7.50 7.504 2.62 6.8 7 26.501 2.30 6.25 6.259 2.38 5.67 51.008 2.14 4.75 36.8015 1.90 3.&L 54.1015 1.67 2.76 41.405 1.55 2.39 11.9513 1.43 2.04 26.551 1.32 1.74 1.74
17 1.19 1.42 24.058 1.07 1.14 9.1519 6.95 0.91 17.209 0.83 0.70 6.2524 0.71 0.51 12.2519 0.60 0.35 6.7382 0.48 0.23 18.5017 0.36 0.13 2.1610 0.23 0.06 0.60
Part B: Magnification factor a 3.7
1 3.51 12.30 12.301 3.25 10.55 10.551 2.98 8.84 8.841 2.70 7.30 7.304 2.43 5.90 23.601 2.16 4.66 4. 66
3 1.89 3.56 10.6817 1. 62 2.62 44.602 1.49 2.30 4.40
29 1.35 1.81 53.8025 1.08 1.17 29.2033 0.81 0.76 25.00
C2
TABLE Cl (cont.)
STATISTICS OP AIR BUBBLES SURFACE AREA MEASUREMENT
ni Di V V i 2
mm. mm.2 ram.*2
4 0.68 0.46 1.82
19 0.54 0.29 5.534 0.41 0.16 0.65
2 0.27 0.07 0.14
PART A2 : V s a 97 1./hr. ; Magnification faotor * 4.12
nl a i bi n* tJm1, 2 Or*/* k>; b>
mm. mm. mm. 2 yram. mm.2
1 8 3 9 30.8 30.81 7 7 49 —  «m.* 49.06 7 6 226 44.3 266.05 7 4 80 33.0 165.02 7 3 18 26.3 52.67 6 6 252 «.-- 752.04 6 5 100 32.0 128.03 6 4 43 27.0 81.014 5 5 350 ---- 350.0
15 5 4 240 21.5 322.54 5 3 36 17.4 69.6
31 4 4 49 6 —- - 496.0
3 4 3 27 13.1 39.324 3 3 216 — — — - 216.020 2 2 80 80.023 1 1 23 — — 23.0
PART B2 : M a g n if ic a t io n  Factor a 5.21 12 8 64 108.5 108.51 12 7 49 98.4 98.41 12 6 36 87.2 87.21 11 7 49 88.0 88.01 11 6 36 86.0 86.01 11 5 25 65.8 65.85 10 6 180 69.6 348.01 10 5 25 60.6 60.6
C3
ABLE Cl (cont.)













1 10 4 16 50.5 50.5
2 9 9 162 — ——
1 9 7 49 68.0 68.0
1 9 6 36 60.0 60.0
3 9 5 75 53.0 159.07 9 3 112 44.6 313.0
1 8 7 49 53.5 53.5
8 8 5 200 46.1 369.01 8 4 16 38.9 38.9
5 7 7 245 —— — 245.05 7 5 125 39.0 195.09 7 4 144 3 2 . 8 195.01 7 3 9 2 6 . 2 26.2
7 6 6 252 — — 252.0
3 6 5 75 32.0 96.011 6 4 176 2 7 . 0 297.0
3 6 3 27 20.0 60.011 5 5 275 — 275.01 5 4 16 21.5 21.56 5 3 54 17.4 104.09 4 4 144 244.0
5 3 3 45 - — - 45.05 2 2 12 ------ 12.0
PART A3 : V * 240 l./hr. ; Magnification factor = 4-.8Si
2
a
12 9 126 118.0 236.02 12 8 128 108.2 216.52 12 7 98 98.5 197.02 13 6 72 95.9 191.82 12 6 72 87.2 174.4
1 12 5 25 75.0 75.02 11 7 98 87.7 175.41 11 6 36 78.0 78.01 12 5 25 76.0 76.06 10 7 294 78.4 471.01 10 9 81 92.8 92.81 10 8 64 35.4 85.4
7 10 6 252 69.8 489.0
CI­
TABLE Cl (oont.)
STATISTICS OP AIR BUBBLE SURFACE AREA MEASUREMENT
“1
mm.
e b ' p?kL s^-'JaEEE m
mm. 2 mm." mm."
PART A3 (continued)
2 10 5 50 6o. 6 121.21 10 4 16 50.6 5o • 62 9 7 98 68.1 136.23 9 9 243 --- 243.01 9 3 64 73.9 73.95 9 6 180 61.6 308.0
6 9 5 150 53.2 / 320.0
2 9 4 32 446. o 39.2
6 8 6 216 52.5 315.05 8 5 125 45.6 223.07 7 6 252 44.0 303.05 7 7 245 245.0
8 7 4 128 33.0 264.0
1 7 3 9 26.3 26.33 7 5 75 39.0 117.0
11 6 6 396 396.0
2 6 5 50 32.0 64.04 6 4 64 27.1 198.4
7 5 5 175 175.04 5 4 64 21.3 35.2
12 4 4 192 — — — — 192.09 3 3 81 —  —  — 81.0
2 2 2 8 — — r— 8.0
1 B3: \  - 240 l./hr.; Magnification factor = 4.9
1 13 9 81 196.5 196.5
1 13 13 169 I69.0
1 13 10 100 141.0 141.0
1 14 9 81 143.6 143.6
2 14 7 93 119.0 238.0
2 13 8 128 120.0 240.0
1 13 7 49 103.2 103.2
1 13 6 36 91.1 91.12 12 7 98 98.3 196.6
1 12 8 64 109.2 109.2
1 15 7 49 129.3 129.32 12 6 72 87.3 174.6
2 11 11 242 242.0
1 11 31 81 105.1 105.1
C5
STATISTICS OP AIR BUBBLE SURFACE AREA MEASUREMENT 
H  a4 b n.b,2 _g£±L $in-i&EE£ ri;sm-'MESL1 1 1 1  Ja.'-b;'- t>! . 2 bi
mm. mm. mm.2 ram." mm.
PART B3 (continued)
6 11 7 294 67.8 407.05 11 6 180 78.3 391.04 10 10 400 100.0 4Q0.02 10 8 128 86.0 172.01 10 7 49 78.0 78.05 10 6 180 69.3 346.53 10 5 75 60.0 181.83 9 9 243 —— — 243.02 9 7 98 68.0 136.0
3 9 6 108 60.0 180.04 9 5 100 53.0 212.04 9 4 64 44.6 178.45 8 8 320 — — 320.01 8 6 36 52.5 52.57 8 5 175 45.6 319.0
3 8 4 48 33.8 116.515 7 7 735 -- — 735.01 7 6 36 43.9 43.9
5 7 5 125 38.8 194.01 7 4 16 33.9 32.94 6 6 144 144.02 6 5 50 32.0 64.02 6 4 32 27.0 54.010 5 5 250 21.5 250.0
3 5 4 48 21.5 64.5
3 4 4 48 21.5 48.0
PART A4: Va - 378 l./hr.,; Magnification factor = 4.3
1 14 6 3 6 105.0 105.03 12 7 147 98.0 294.01 11 9 81 105.0 105.01 11 7 49 88.2 88.24 10 10 400 —1 10 8 64 21.4 85.61 10 7 49 77.9 77.92 10 5 50 10.8 21.51 10 6 36 69.8 69.82 9 9 1621 9 7 49 34.1 68.2
3 9 6 108 60.6 182.0
C 6





n. b. ? 1 1
2ram. *
i>k JaS-bc




9 5 50 53.0 106.0
2 9 4 32 44.6 89.2
8 8 2 56 — - —  — —
1 8 7 1+9 59-0 59.0
5 8 6 180 52.7 236.5
8 8 4 128 37.6 311.0
9 8 5 225 46.2 415.0
6 7 7 294 — --------- - —
1 7 6 46 44.1 44.1
3 7 5 75 49.0 117.09 7 4 144 33.1 298.0
2 7 3 18 26.2 52.5
8 6 6 288 — — - - - -
2 6 5 50 32.0 64.04 6 3 36 21.1 84.34 6 4 64 27.0 108.0
23 5 5 575 ----------- ------------
12 4 4 192 -- --------- -- ---------
1 4 3 19 13.2 13.2
3 5 3 27 16.8 52,3
5 3 3 45 9.0 45.0
1 2 2 4 4.0 4.0
1 6 4 4 15.6 15.6
2 5 25 50 25.0 50.0
1 5 9 9 17.5 17.5
3 4 16 48 16.0 48.0
1 3 9 9 9.0 9.0
PART B4 * va 378 l./hr.; Magnification factor - 4.7
1 15 3.3 I69 212.0 212.0
1 13 § 64 120.0 120.0
1 17 15 225 281.5 281.5
3 13 7 147 108.5 325.0
2 13 10 200 191.5 383.0
1 13 9 81 I3I.5 131.5
1 12 12 144 — —  «• ------------
1 15 11 121 190.5 190.5
3 12 7 147 98.3 295.0
1 13 6 36 95.8 95.8
3 12 6 108 33-3 250.0
1 12 5 25 76.0 76.0
i>,-
C7
STATISTICS OF AIR BUBBLE SURFACE AREA MEASUREMENT
ni bi
mm • mm•
n,b1 ■2 •Jai'-bi £>i
mm. mm.
PART B4 (continued)
1 11 5 25 68.0 68.0I 11 6 35 78.0 78.0
9 10 10 900 —— — —-----
3 10 7 147 78.0 234.04 10 6 144 68.7 279.0
5 10 5 125 60.0 303.01 9 8 64 —— —2 9 6 72 60.9 121.81 9 4 16 44.6 44.61 9 3 9 35.4 35.42 8 8 128 ------ — —
1 8 7 49 59.4 59.4
5 8 6 180 52.5 262.51 8 5 25 46.1 46.11 8 4 16 38.9 33.9
1 8 3 9 30.8 30.8
7 7 7 343 —1 7 6 36 44.0 44.010 7 5 25 3.9 39.0
3 7 4 48 32.8 98.31 6 5 25 31.9 31.94 6 4 64 27.1 108.21 6 3 9 216.0 216.0
PART A5: Vg. = 535 l./hr.; Magnification factor = 4.2
1 16 4 64 155.0 155.01 14 10 100 155.0 155.01 14 7 49 119.0 119.01 13 9 81 131.0 131.01 13 8 64 120.0 120.02 13 6 72 95.3 191.52 12 8 128 108.1 108.11 22 6 36 87.1 87.12 11 8 128 97.5 195.02 11 7 98 89.3 163.54 11 6 144 78.0 312.02 11 5 50 68.0 136.02 11 4 32 56.5 113.0












3 10 7 147
2 10 6 72
2 10 5 50
2 10 4 32
1 9 9 81
1 9 7 49
1 9 8 64
2 9 6 72
3 9 5 753 9 4 48
3 8 8 192
2 8 7 97
1 8 6 36
7 8 5 1755 8 4 80
9 7 7 441
2 7 6 72
7 7 5 1754 7 4 64
10 6 6 360
PART B5 : Vg = 535 l./hr.; Ma
1 15 9 81
1 15 7 49
1 14 9 81
1 14 8 64
3 13 9 243
2 13 7 98
1 13 6 36
1 13 5 25
1 12 9 81
1 12 7 49
1 12 6 36
2 12 11 242
1 11 5 25
1 12 3 64
1 11 6 36
5 11 10 500
1 10 8 64





60.5 121.050.5 101.081.0 81.0
68.0 68.0









nification factor = 4.4















STATISTICS OP AIR BUBBLE SURFACE AREA MEASUREMENT
2
Hi a< b. n .b  " sm-'Mp? n<x2&s>n~'JailrkL 1 i I 1 i -M'-A* t?i Jô k1 bi
mm. mm. mm. ' .. mm.
PART B5 (continued)
1 10 5 25 60.6 60 • 6
2 10 if 32 50.6 101.2
6 9 9 if So 91.0 486.0
1 9 6 36 61.0 61.0
3 9 5 75 53.0 159.01 9 if 16 44.6 44.6
5 8 3 320 64.0 320.01 8 7 49 58.9 58.9
3 8 6 lifif 52. 6 210.31 8 5 25 46.0 46.03 8 if if8 38.8 116.55 7 7 196 48.0 196.04 6 6 lifif 38.O 144.0
8 5 5 200 25.0 200.01 5 3 9 17.4 17.43 if 4 48 16.0 48.06 6 if 96 27.9 162.5
I 6 3 9 21.8 21.813 5 5if 325
25.0
3 if if 6 16.0 40 • 01 5 if 16 21.7 21.71 3 3 9 — —
CIO
TABLE C2
DETAILED 2XP2HIMENTAL DATA 
(Solubility Determination)





_______________ mg. A .
Distilled 8.24 Distilled 8.20
Water 8.20 Water 8.24
8.20
pE Value: 8.26 pH Value: Ave. 6.13
Initial: 7 Ave. 8.23 Initial: 7
Pinal: 7 Pinal: 7
°latai. 85 8.42 Slntm* 8.37
P a 742.8 ram.Hg P a 738.8 mm.Hg
Liquid Medium: Aqueous Sodium Hydroxide Solution:
pH Value: 8.46 pH Value: 7.92
Initial: 9 7.92 Initial: 9 8.04Pinal: 9.1 7.90 Pinal: 9.3 7.947.80 8.08
HaOH: 7.84 NaOH:
2.352 mg./l. 7.76 2.352 mg./l. 7.927.74 P a 736.3 mm.Hg 8.00
P = 735.7 mm.Hg Ave,.7.95 Ave. 7.9§
Slatm. 09 8.23 Slatm. 8.25
pH Value: 8.00 pH Value: 8.02
Initial: 10 8.04 Initial: 11 7.92
Pinal: 9-7 7.96 Pinal: 11 7.94
7.93 8.02NaOH: 7.94 NaOH: 7.948.82 mg./l* 7.92 101.9 mg./l. 8.008.04 Ave. 7.98Ave. 7.97p == 735.4 mm.Hg P =3 735.4 mm.Hg
3latm* “ 8.25 Slatm* s 8.25
Cll
TABLE C2 (continued)
DETAIL D EXPERIMENTAL DATA (Solubility Determination)









760.5 rag./I. Ave . 8.12
S "Latin. = 8.32








6474 mg./I. Ave . 7.92
S a 8.18latm.
P = 733.616 mm.Fig
Mineral 6.76Cent ent: 6.76
5,033 fflg./l. 6.927.30Potato Solids: 7.42
1924.5 rag./I. 7.407.20pH : 11 5.92
P = 739.O mm.Hg 7.007.44
6.24
Av^. 6.94
^ 1st in. 7.13











Potato Solids wltl1 Mineral
Content:



















3341 rag./l. 6. 60
pH: 11
6.366.24








Hun Xii quid 











Space C -C- 
Velocity r 
l./hr.
C -0 ec|. e r KjAga. -moles 
l.-hr. l./hr.
Liquid Medium: Distilled Wistar.
7.20 0.72 6.48 1.19 3.64 xlO 9.341 36 7.13 0.82 1.8 6.31 1.25 3.55 9.13JZ.02 0.72 6.33 1.33 3.56 8.58Ave. 7.14 0.75 ^37 1.25 3.57 % W
7.63 0.45 7.19 0.76 2.70 11.402 24 7.71 0.45 1.2 7.27 0.68 2.72 12.70
_2i2i .. 0» 45- 7.39 0.67 2.74 15.60Ave. 7.73 6.45 7.28 0.67 2.72 13.24
8.01 0.72 7.29 0.37 2.05 17.103 18 8.01 0*76 0.9 7.25 0.37 1.94 16.208.01 Q. 65 7.39 0.29 2.09 19.00Ave. 8.01 0.71 7.32 0.34 2.03 17.43








DBTAILED EXPERIMENTAL DATA (Rate Test)
dxit Peed Space C - C C .«€
Cone. Cone. Velocity e -1 ec±




Liquid Medium: Sodium hydroxide solution. pH - 9.
7.59 o.73 6.38 0.55 3.37 22.505 36 7.55 0.76 1.8 6.79 0.59 3.82 20.307.57 0.74 6.31 0.57 3.83 21,60Ave. 7.57 o!?4 6.83 T o 7 3.84 21.63
7.87 0.23 7.64 0.27 2.78 32.90
6 24 7.33 0.21 1.2 7.62 0.31 2.85 29.407.83 0.21 _Z* 62 _o*Ji -3*8.5 29.40Ave. 7.34 0.21 7.63 0.29 2.83 30.5?
7.95 0.49 7.46 0.19 2.10 35-33
7 18 8.Cl 0.53 0.9 7.43 0.13 2.09 51.42
8.01 0.60 7.41 0.13 2. 08 51.4J.
Ave. 7.99 H 5! iJvS 0.15 2.09 46.07
8.03 0.35 7.68 0.13 0.72 17.708 6 8.00 0.29 0.3 7.71 0.16 0.72 14.468.03 0.29 7.74 0.13 0.73 17.30Ave. 15.02 0.31 7.71 o.i4 0.72 loTqJ
Liquid medium: Aqueous Sodium hydroxide solution; pH = 11.
7.90 0.61 7.30 0.26 4.10 5.13

































8.12 0.61 7.32 0.04 2.71 30.0024 7.97 0.61 1.2 7.23 0.19 2.71 30.00
8.00 0.88 7.04 0.16 2.40 34,10
8.03 0.75 7.20 0.13 “276o 310^
7.17 0.25 7.66 0.35 2.13 19.4018 7.81 0.25 0.9 7.46 0.45 2.11 15.107.37 0.25 7.66 0.29 2.15 23.90.
7.79 0.25 7.59 O.36 2.14 19.50
8.06 0.35 7.71 0.10 0.72 24.30
6 8.06 ...Q.Q5. 0.3 7* 71 _0^i0 0.72 24.30“8.06 o.35 7.71 0.10 0.72 24.30
6.96 0.59 6.36 1.43 3.58 7.9336 6.96 o.59 1.8 6.36 1.43 3.58 7-937.04 0.59 6.37 1.34 3.58 8.53
6.98 0 . 62 .36 1.40 ^tl3
6.20 0.61 5.90 2.18 5.55 7-65
65 6.59 0.69 3.16 5.59 1.81 5.26 9.81
6.59 0.73 5.85 1.81 5.51 _̂ .606.4-6 0.62 5.78 1.94 5.53 9.02
5.30 0.59 5.20 2.61 4.89 6.01





























































































































































5.23 2.76 2.64 1.82 2.82Xl°
4“
4.44
61 5.15 1.45 3.05 3.70 2.11 3.52 5.34
5.15 2.20 2.81 2.11 >.31 4.25
5.18 T 7 W 3.20 2T0U 370j A7/8
5.17 1.44 3.75 1.16 .98 8.23
51 5.31 1.99 2.55 3.34 1.04 2 . 65 8.20
5.31 IjQO 3.34 1.04 1.65 8.20
5.2? “TTSo 3. 64 1.0& 2.76 8.21 aM
5.15 1.53 3. 63 1.20 1.57 4.19 CN
2 7.7 5.35 1.61 1.39 3.74 1.00 1. 62 5.19
5.20 1.59 3.54 1.16 1.523 4.24
5.23 1.59 3.64 1.12 ^ 0 7 -.54
5.57 1.96 3. 62 0.73 1.24 5.10
22.1 5.63 1.97 1.10 3.66 0.72 1.26 5. 62
..5-«52 1 l2Z 3.60 0.70 1.24 _iA0
5.57 1.97 3.63 0.75 1.24 5.41Ave.
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